ABSTRACT: In this work, centimeter-scale macrocrystals of nonpolar colloidal quantum dots (QDs) incorporated into anthracene were grown for the first time. The exciton transfer from the anthracene host to acceptor QDs was systematically investigated, and anisotropic emission from the isotropic QDs in the anthracene macrocrystals was discovered. Results showed a decreasing photoluminescence lifetime of the donor anthracene, indicating a strengthening energy transfer with increasing QD concentration in the macrocrystals. With the anisotropy study, QDs inside the anthracene host acquired a polarization ratio of ∼1.5 at 0°collection angle, and this increases to ∼2.5 at the collection angle of 60°. A proof-of-concept application of these excitonic macrocrystals as tunable color converters on light-emitting diodes was also demonstrated.
I
n recent years, colloidal nanocrystal quantum dots (QDs) have attracted significant attention in the field of photonics because they provide tunable and narrow-band emission spectra accompanied by broad absorption spectra, large quantum efficiency, and relatively high photostability unlike most organic dyes. 1−3 Owing to these unique optical properties, QDs were employed in light-emitting diodes (LEDs), 3−5 lasers, 6 photodetectors, 7 and solar cells. 8 Furthermore, their photophysical features have allowed for their use as donors and acceptors in nonradiative energy transfer (NRET). 9 These studies were reported for QDs in dispersion 10 and in solid film. 11, 12 While working with films, QDs were frequently used in functional devices by incorporating them into polymer matrices (e.g., silicone). Another technique, recently reported by Otto et al., 13 relies on the ionic crystal growth around colloidal QDs in salt solutions forming macrocrystals of these QDs. The attractive feature of this approach is its simplicity. The previously demonstrated crystalline host matrices 13−15 include NaCl, KCl, and KBr salts and sucrose, 16 which were shown to improve the robustness and stability of QDs. In all of these previous demonstrations of macrocrystals, QDs were integrated into water-soluble solutes. This has substantially limited the applicability of the QD macrocrystals because only those QDs that can be dispersed in water (aqueous QDs) could be used. For that purpose, QDs either had to be synthesized directly in water, which in the end limits the usable set of appropriate materials, or they had to undergo a phase transfer via ligand exchange, which typically reduces the quantum efficiency and may complicate the fabrication process. This creates a major limitation because most of the high-efficiency QDs are synthesized and dispersed in nonpolar solvents. Therefore, the use of a host crystal material that can be dissolved in organic solvents and is compatible with nonpolar QDs will remove this limiting requirement and widely broaden the applicability of the QD macrocrystals. As a candidate material system, in addition to their advantages such as low toxicity, abundance, and affordability, organic crystals that are composed of benzene group gain importance because they can be dissolved in organic solvents such as chloroform capable of dispersing nonpolar QDs.
Here we present the first account of organic crystal growth around nonpolar QDs using anthracene (C 14 H 10 ) as the host crystal. In this work, we obtained large-scale QD-incorporated anthracene macrocrystals by using solvent evaporation technique. Structural characterization of anthracene with and without red-emitting CdSe/CdZnSeS/ZnS alloy QDs was carried out. It was found that the inclusion of these QDs in the anthracene solution allows for the growth of larger macrocrystals of over 1 cm in one dimension, which is otherwise limited to subcentimeter size ( Figure 1a) . Moreover, we systematically studied NRET from the host anthracene acting as the donor to the inorganic QDs employed as the acceptor by benefiting from the strong absorption of QDs in the blue region where anthracene molecules emit strongly. Because anthracene has several photoluminescence (PL) peaks (at 429, 494, and 533 nm), we further investigated the NRET and lifetime decays at every peak as a function of the QD incorporation, and the maximum NRET efficiency was found to reach 28%. Developing an exciton transfer model, we studied the quantum efficiency of the anthracene emission contributing to each PL peak. We found that the most efficient anthracene emission occurs at the peak of 494 nm. In addition, the polarization of the QD emission inside the anthracene host was analyzed and found to reveal a vertical-to-parallel polarization ratio of ∼1.5 starting at 0°collection angle and increasing further to ∼2.5 at 60°. Finally, as a proof-of-concept demonstration, an LED was constructed by employing these QD-incorporated anthracene crystals as tunable color converters. This study reports for the first time the exciton transfer from the host organic crystal to the incorporated acceptor QDs together with its accompanying anisotropic emission and its application to tunable color-conversion LEDs. Because anthracene is especially important for electronics, 17 optoelectronics, 18−20 and physical chemistry, 17−21 this work may lead to new opportunities to utilize anthracene in these fields.
In this work, anthracene macrocrystals incorporating QDs were prepared using solvent evaporation method. Prior to our work, the growth and structure of anthracene crystals have been extensively studied. 21−23 Following the first report of anthracene crystals in 1948, 23 different crystal growth methodologies including the Bridgman−Stockbarger technique, physical vapor transfer method, and solution method were employed. Unlike the standard heat-assisted solution techniques, 22 here the solvent of the 1 mL anthracene solution (27.3 mg/mL) with and without the QDs was evaporated under laminar flow at room temperature. To systematically study the effect of the QDs on the physical and optical features of the macrocrystals, we grew macrocrystals using 6.5, 13.1, and 19.6 mg of QDs and named these samples MC 1, MC 2, and MC 3, respectively. We estimated the molar concentration of the QDs inside macrocrystals to be between 0.38 and 0.53 μmol/cm 3 for MC 1, between 0.81 and 1.12 μmol/cm 3 for MC 2, and between 1.44 and 1.74 μmol/cm 3 . (See the Supporting Information (SI) for the details of this estimation.) After the formation of the final macrocrystals, microscopic and macroscopic structures of crystals were investigated using optical microscopy and SEM. It is apparent from Figure 1a that the resulting QD−anthracene macrocrystal (left) acquires a significantly larger size (centimeter scale) compared with the anthracene crystals alone without QD incorporation (subcentimeters) (right). Under ultraviolet illumination, the resulting emission color is red-violet in the case of QD− anthracene macrocrystal, while only anthracene crystals appear blue. As seen in Figure 1a , the crystal facets were obvious for the anthracene crystals. When QDs were embedded into the anthracene host, instead of clear crystal facets, we observed linear orientation of the crystal edges and the formation of relatively larger crystals. This suggests that QDs take role in the growth and orientation of anthracene in the crystallization process.
X-ray diffraction (XRD) analysis was also performed in powder form to investigate anthracene macrocrystals grown by incorporating varying amounts of QDs ( Figure S1 in the SI). The crystal structure of anthracene was identified as monoclinic (JCPDS no. 04-0300). (001), (002), (003), (004), (005), and (006) crystal planes were observed in all anthracene crystals (Table S1 in the SI) being consistent with the previous reports. 24, 25 The prominent peak corresponding to the (001) plane was observed at 9.44°(d 001 = 9.36 Å) for the anthracene alone. With the QD addition, the (001) and other equivalent peaks of all macrocrystals shifted toward larger angles. For instance, the diffraction peaks for the (001) plane were 
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Letter observed at 9.49 (d 001 = 9.31 Å), 9.51 (d 001 = 9.29 Å), and 9.55°( d 001 = 9.25 Å) for MC 1, MC 2, and MC 3, respectively ( Figure S1 in the SI, inset). The decreasing pattern in the d spacing suggests smaller lattice constants and increased strain within the macrocrystals owing to the QD incorporation. In addition, we observed an increase in the XRD signal between 24 and 28°, 41−47°, and 48−55°in the QD-embedded macrocrystals. In the report of Bae et al., 26 zinc-blende QDs were shown to exhibit XRD peaks at 27.5, 46.0, and 55.0°. Consistent with these XRD peaks, here we associate the XRD signals at the observed angles to the QDs incorporated into the anthracene host.
We started the optical characterization by taking the PL spectra of the anthracene crystals and the QD−anthracene macrocrystals. As shown in Figure 1b , the anthracene crystals exhibit PL peaks at the wavelengths of 429, 494, and 533 nm when excited at 375 nm. In the case of the QD−anthracene macrocrystals, we also observe another peak around 653 nm owing to the emission from the incorporated QDs. With the increasing incorporation amount of the QDs, we observe a slight red shift in the emission peak of the QDs, suggesting possible formation of some aggregates inside the macrocrystals. In addition, we observed a strong decrease in the emission of the anthracene host accompanied by an increase in the emission intensity per QD (Figure 1c ). While the radiative energy transfer plays a role for this decrease in the steady-state emission intensity of the anthracene, it does not modify emission kinetics. Therefore, to investigate the NRET, we analyzed the time-resolved fluorescence decays of the QDs inside the macrocrystals. Our results presented in Figure 2a and Figures S2−S4 and Table S2 in the SI show that the anthracene PL decay accelerates in the presence of QDs. Furthermore, the anthracene fluorescence lifetimes become shorter with the increasing QD incorporation. The presented results indicate longer lifetimes of the QDs in anthracene with the increasing anthracene-to-QD mass ratio accompanied by an increased delay of the QD decay curve ( Figure S5 in the SI).
Complementary to the decrease in anthracene emission and increase in the emission intensity per QD, these lifetime modifications suggest that the Forster-like NRET takes place from the host anthracene molecules to the embedded QDs. 27, 28 Additionally, we do not observe any fast decay component in the time-resolved fluorescence decay of the QDs, suggesting that there is no significant fast charge transfer, 27 which is prevented by the ZnS shell coating of the QDs. 28 Moreover, the photoluminescence excitation (PLE) spectra of the QDs in the macrocrystals significantly differ from those of the only QDs and mimic the PLE spectrum of anthracene crystal in its absorption range (Figures 1d and Figure S6 in the SI). However, toward shorter wavelengths where the anthracene does not absorb light, the QD emission in the macrocrystals tends to follow the trend of the only QD film. This shows that the excitation of anthracene molecules strongly triggers the emission of the QDs in the macrocrystals. Considering all of these arguments, here we conclude that Forster-like NRET is the most dominant NRET mechanism in our macrocrystal system.
To analyze the energy-transfer mechanism inside the macrocrystals, we systematically recorded the time-resolved fluorescence decay lifetimes at each PL peak of the exciton donating anthracene molecules as a function of the incorporated QD amount. We calculated the NRET efficiency (η) from the donor lifetime modification using the Forster theory employing eq 1, where τ D and τ DA stand for the amplitude averaged lifetimes of the donor in the absence and presence of acceptor, respectively.
At 429 nm, we observe accelerated time-resolved fluorescence decays as a result of the NRET from the anthracene host to the acceptor QDs. Corresponding lifetimes decrease from 4.45 to 4.02, 3.76, and 3.53 ns for MC 1, MC 2, and MC 3, respectively ( Figure S2 in the SI, Figure 2a , and Table S2 in the SI). Consequently, the NRET efficiencies turn out to be 9.6, 15.4, and 20.6% for MC 1, MC 2, and MC 3, respectively ( Figure 2b and Table S3 in the SI). At 494 nm, we observe a similar acceleration pattern in the PL decays as in the case of 429 nm. The lifetime of the anthracene emission decreases from 11.0 to 9.42, 8.24, and 7.84 ns for MC 1, MC 2, and MC 3, respectively ( Figure S3 in the SI, Figure 2a , and Table S2 in the SI). These lifetimes indicate a more efficient excitontransfer process compared with that at 429 nm with η reaching 14.1, 24.9, and 28.5%, respectively (Figure 2b and Table S3 in the SI). At 533 nm, the variation of the lifetimes and NRET efficiencies follow the same pattern as the amount of QD incorporation increases. While the emission decay lifetime of the anthracene crystals without QD incorporation is 19.9 ns, the incorporation of QD decreases this value within macrocrystals to 17.5, 16.6, and 14.7 ns for MC 1, MC 2, and MC 3 ( Figure S4 in the SI, Figure 2a , and Table S2 in the SI), respectively, corresponding to 12.4, 16.9, and 26.5% NRET 
Letter efficiencies ( Figure 2b and Table S3 in the SI). The rates of the NRET presented in Table S3 in the SI follow the same increasing pattern as the QD amount increases. We attribute this decrease in the donor lifetimes (and increase in NRET rates) to the increased NRET from the anthracene molecules to QDs going from MC1 to MC3. This is because there are more acceptor QDs available per donor anthracene molecule to feed excitons going from sample MC 1 to MC 3. Therefore, a donor anthracene molecule should transfer more excitons going from MC 1 to MC 3. This then results in shorter anthracene lifetimes going from MC 1 to MC 3. In a complementary manner, there are fewer anthracene molecules per acceptor QD going from MC 1 to MC 3. Therefore, a QD has fewer excitons transferred to it going from MC 1 to MC 3; consequently, the QD lifetime decreases as going from MC 1 to MC 3 ( Figure S5 and Table S2 in the SI). This observation is further supported by the shorter delays of the acceptor decay curves, decreasing PLE intensity per QD (Figures 1d and Figure S6 in the SI), and decreasing PL intensities per QD (Figure 1c) going from MC 1 to MC 3.
In our experiments, we observe that the acceptor lifetime shortens from 29.5 ns in MC 1, to 26.7 ns in MC 2, and 22.2 ns in MC 3 with increasing QD concentration in macrocrystals. These results are in parallel with the study of Mutlugun et al., 29 where acceptor lifetimes shortened with increasing acceptor concentration; however, they always remained longer than the acceptor lifetime in the absence of donor. Our results are also consistent with the theoretical acceptor decay model of Lindhoud et al. 30 showing that the acceptor lifetime shortens as the acceptor-to-donor concentration ratio increases. This model also predicts that the acceptor lifetime in the presence of donor always remains longer than that in the absence of donor ( Figure S7 in the SI). In our experiments, we cannot present the acceptor lifetime in the absence of donor because the host itself acts as the donor and choosing any other host material would change the photophysical characteristics of the incorporated QDs; however, to have an idea about the acceptor lifetime without a donor, we measured the lifetime of dropcasted QDs to be 4.90 ns, which is much shorter than the lifetime of the QDs in anthracene macrocrystals. In addition to this, we estimated the acceptor lifetime in the absence of donor using the model in ref 30 to be around 9.2−13.0 ns, which is also shorter than the acceptor lifetime in the presence of acceptor.
To gain further insight into the physical mechanisms behind, we predicted the surface-to-surface distance to be between QDs between 8.4 and 9.9 nm for MC 1, between 4.9 and 6.2 nm for MC 2, and between 3.4 and 4.0 nm for MC 3, which are shorter than the predicted Forster radii. (See the SI for details.) These results indicate strengthened sharing of excitons with the increasing QD concentration. As a consequence, increasing the QD concentration decreases the number of excitons received by each QD, leading to shorter acceptor lifetimes; however, these transferred excitons to QDs still make the acceptor lifetimes in the macrocrystals longer compared with the case of without donor.
To reveal the physical reasoning behind the observation that the NRET at longer wavelengths occurs more efficiently compared with 429 nm, we investigated the relation between the overlap integral (J) and the quantum yield at the wavelength of interest (Q(λ)) by assuming the random distribution of exciton-donating anthracene molecules and the acceptor QDs. The details of our semiempirical model are presented in the SI. Our results summarized in Figure S9 in the SI show that the overlap integral remains unaffected although the absorption of the QDs is stronger at shorter wavelengths. This is mainly because of the fourth power dependence of the overlap integral on the wavelength. Subsequently, we calculated the normalized Forster radius (R 0 6 ) (Figure S10a in the SI) and then calculated normalized quantum efficiency ( Figure S10b in the SI). Here we observe that the quantum efficiency takes its highest value for all the at 494 nm, where the NRET occurs most efficiently. Considering the wavelength dependence of the overlap integral and quantum efficiency, we conclude that the difference of the NRET efficiency is essentially caused by the difference in the quantum efficiency at each wavelength, reaching its highest value at 494 nm.
Because the optical properties of the anthracene are anisotropic, 31, 32 their macrocrystals might be expected to enhance the emission anisotropy of the incorporated QDs. To examine this hypothesis, we systematically investigated the polarization of the emitted light from the QDs that are immobilized in single anthracene−QD macrocrystals (not in powdered form). Here we employed a single centimeter-scale macrocrystal taken from the batch of MC 3 because of its larger size, making the optical anisotropy measurements easier. Our results show that when the photons emitted normal to the surface of the anthracene−QD macrocrystal are collected, the ratio of the perpendicular polarization to the parallel polarization was measured to be ∼1.50 (Figure 3 and Figure S11a in the SI). Increasing the collection angle to 30°, no significant change in the anisotropy of the QD emission was observed ( Figure 3 and Figure S11b in the SI). A further increase in the collection angle to 60°improved the polarization ratio to ∼2.50 (Figure 3 and Figure S11c in the SI). This observed anisotropy in the QD emission can either stem from the anisotropic extraction of electromagnetic radiation at different polarizations or from the emission rate difference caused by the anisotropy in the refractive index of the medium. One of the important indicators of the latter mechanism is the difference of the PL decay lifetimes at different polarizations. To identify the governing effect in our system, we investigated the emission dynamics of the QDs for both of the polarizations and did not measure a noticeable difference in the lifetime, which suggests that the main source of the observed anisotropy is the extraction efficiency difference rather than the modification of spontaneous emission rate. 
Letter Finally, we present a proof-of-concept demonstration of these anthracene−QD macrocrystals as color-enrichment films on a commercially available LED emitting at 380 nm. The photons emitted from the LED at this wavelength were strongly absorbed by both the anthracene molecules and the QDs in the macrocrystal. As a result of the PL of the anthracene and QDs and the NRET between them, the color conversion results in the emission spectra in Figure 4 for MC 3 LED (and Figure S12a−c in the SI for MC 1, MC 2, and MC 3 LEDs) and the corresponding color coordinates presented in Figure S12d in the SI. The results show a trend in the change of the obtained color as the incorporated QD amount varies, as expected, due to the both radiative and NRET. This proof-ofconcept demonstration indicates that the anthracene crystal is a good host for the QDs to be integrated into color conversion LEDs thanks to its compatibility with the transparent epoxies used by the industry.
In summary, here we demonstrated anthracene−QD macrocrystals to elucidate the interaction of the QDs within the host anthracene crystals. First, we carried out structural characterizations using optical and scanning electron microscopies. We observed that the QD incorporation affects the crystallization process of anthracene and leads to the formation of larger macrocrystals. Subsequently, we investigated the NRET dynamics where the anthracene and the QDs serve as the exciton donating and accepting entities in the macrocrystal, respectively. Our results showed that the PL lifetime of the anthracene molecules decreases with the increasing QD incorporation, indicating stronger exciton transfer. Moreover, we found that the anthracene does not emit most efficiently at the main PL peak at 429 nm in the presence of the QDs inside the macrocrystals, but instead the highest quantum efficiency occurs at 494 nm. In addition to this, the polarization anisotropy of the QD emission was observed at various collection angles. We found that these QDs exhibit a ∼1.5 polarization ratio at the surface normal collection, while this number increases to ∼2.5 at the collection angle of 60°. Finally, we used this NRET concept on a color-conversion LED employing the anthracene−QD macrocrystal as the color conversion film and demonstrated color tunability as a function of the incorporated QD amount. We believe that the findings of this study may open up new possibilities for employing crystalline organic semiconductors such as anthracene in the field of colloidal photonics.
■ EXPERIMENTAL SECTION
Details of the colloidal QD synthesis, calculation of the QD to anthracene weight ratio in the macrocrystals, film preparation and LED fabrication, and optical and structural characterizations are presented in the SI.
Preparation of Anthracene Crystals and Anthracene−QD Macrocrystals. Macrocrystals were obtained by crystallization of oversaturated anthracene solution in chloroform. To prepare oversaturated anthracene stock solution, we dissolved 2.08 g of anthracene in 50 mL of chloroform. After the filtration using a filter with a pore size of 0.2 μm, the concentration of the anthracene stock solution was measured to be 27.3 mg/mL. To grow anthracene crystals, 1 mL of this stock solution was dried in a vial in a laminar flow hood at room temperature. The anthracene−QD macrocrystals were formed by mixing the QD solution and anthracene stock solution. For the systematic study, 6.5, 13.1, and 19.6 mg of red-emitting QDs were used, and these samples were named MC 1, MC 2, and MC 3, respectively. To obtain macrocrystals, we added 250 μL of chloroform to the desired concentrations of QDs (MC 1, MC2, and MC 3) after the evaporation of hexane, and the dispersion was mixed with 1 mL of anthracene stock solution. Chloroform was evaporated under laminar flow for 2 days to obtain macrocrystals.
■ ASSOCIATED CONTENT * S Supporting Information
Details of colloidal QD synthesis, calculation of the QD to anthracene weight ratio in the macrocrystals, film preparation and LED fabrication, and optical and structural characterizations. Figures of X-ray powder diffraction pattern of macrocrystals, time-resolved fluorescence lifetime decays of macrocrystals, PLE spectra of the macrocrystals, ratio of the acceptor lifetime in the presence and absence of donor, emission spectrum and multiple Gaussian function fit of anthracene macrocrystals, the overlap integral between QD absorption and individual emission mechanism, normalized Forster radius and relative quantum efficiency of the anthracene emission, emission spectra of the QDs in the macrocrystals at different polarizations, and emission spectra and chromaticity points of the LEDs . Tables of XRD peak 
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